This paper presents a method for heating silicon wafers locally by open-end coaxial microwave applicators, with optical techniques employed for measuring the temperature. Silicon samples of ∼2 × 2 cm 2 area were radiated in air atmosphere by a microwave drill operating at 2.45 GHz in the range of 20-450 W. The rate of temperature variation was measured by the Fabry-Pérot etalon effect in samples illuminated by InGaAs lasers. The steady-state temperatures were measured by the changes in the absorption index of an InGaAs laser beam. The experimental results indicate heating rates of ∼150 K s −1 and a temperature range of 300-900 K across the silicon sample during the microwave heating process. Further operation of the microwave drill caused local melting of the silicon samples. This paper presents the experimental setup and results, as well as numerical simulations of the microwave heating process.
Introduction
Rapid thermal processes (RTPs) are applied to silicon wafers for oxidation, annealing, thin-film growing and other purposes [1] [2] [3] [4] [5] . RTP systems employ various heat-radiation sources [6] such as tungsten-halogen lamps. High-power microwaves (∼3 MW pulsed) were used to melt silicon in the late 1980s [7] . Recent studies have introduced microwaves for silicon processes such as annealing, fast-firing and bonding [8] [9] [10] [11] [12] . The localized heating enabled by microwaves leads to new applications such as MEMS packaging, bonding and soldering [13] [14] [15] [16] .
This study is aimed at investigating the applicability of the microwave-drill device [17] as a means for local heating of silicon wafers. Optical techniques are used to measure the local temperature increase at various points across the silicon sample; hence the temperature measurements are conducted without interference to or from the microwave heating process.
Experimental setup
The experimental setup consists of a microwave apparatus for the silicon heating and an optical setup integrated with it to enable independent temperature measurement as described below.
The microwave apparatus
The microwave-drill apparatus employed for the silicon heating in this experiment is shown schematically in figure 1. It consists of a coaxial waveguide with a centre electrode of 1.6 mm diameter (140 characteristic impedance). The microwave drill is fed by a 2.45 GHz power-adjusted magnetron (1.5 kW Alter SM-745) in a cascade with a circulator and an impedance-matching tuner, as shown in figure 2 . The incident and reflected microwave power are detected by directional couplers.
A microwave power in the range of 20-450 W was applied locally to square pieces of 2 × 2 cm 2 silicon samples. Two kinds of N-type silicon samples were used, one was polished on both sides and the other was further coated by anti-reflective SiO layers (∼375 nm thick on each side). The sample thickness was 0.37 mm or 1 mm for the polished samples, and 0.37 mm for the coated ones. The samples' resistivity was 5 cm, except the 1 mm thick N-type sample with 100 cm. The silicon sample was positioned in the chamber as shown The device consists of a coaxial waveguide through which the microwave power is radiated to the wafer oriented along the coaxial-line centre electrode. The separated optical path perpendicular to the wafer enables non-interfering temperature measurements.
in figure 1. Experiments were conducted with the centre electrode in contact with the sample, or with a 1 mm gap between them.
The electrical conductivity of silicon at high temperatures approaches that of the metal; hence, its intrinsic impedance attains [18] 
where µ 0 = 4π × 10 microwave reflections from the coaxial waveguide in two different orientations of the silicon wafer. In figure 3 (a) the silicon sample is oriented perpendicularly to the centre electrode (i.e., the sample is lying horizontally), whereas in figure 3(b) the sample is vertically on-axis with the centre electrode, as shown in figure 1 . The silicon sample is 1 mm thick in these simulations at various doping levels. The results show that the microwave reflections in the on-axis orientation are considerably smaller; hence the microwave absorption is higher in this configuration than in the perpendicular orientation, and therefore it would be more effectively matched to enable a rapid heating. Yet, Figure 4 . A numerical simulation of the temperature evolution in the silicon wafer in the configuration shown in figure 1 for various effective microwave power levels. The temperatures are given at a 1.5 mm distance from the wafer edge underneath the microwave centre electrode. This simulation employs the microwave-drill-coupled thermal-electromagnetic model [19] .
the reflection coefficient depends strongly on the temperature. Furthermore, the microwave absorption increases significantly above 600 K, thus it may intensify the thermal runaway process there. Therefore, the microwave-drill-coupled thermalelectromagnetic model presented in [19] was employed to evaluate the heating rate in a simplified 2D approximation (assuming a silicon bulk instead of a wafer). Figure 4 shows the computed temperature evolution at a point 1.5 mm underneath the silicon upper (flat) face perpendicular to the central electrode. Local heating rates of several hundred K s
are predicted in these conditions.
The optical setup
The temperature measurement optical setup is shown in figure 5 . It consists of two InGaAs laser diodes, operating at 1.3 µm, 1.5 µm wavelengths, and a collimator, filters and fast detectors. The InGaAs laser diodes were used to measure variations in the power transmitted through the heated silicon sample. The spot diameters of the lasers were ∼1 mm. For each test, the temperature values were recorded during both the heating and the cooling phases of the sample. The measurements were verified independently by using two laser diodes at two different wavelengths, and by using two independent measurement techniques as described below. An interferometric method based on a Fabry-Pérot etalon effect was employed to measure the variation in the refractive index of the polished silicon samples [20, 21] . This method enables one to estimate the temperature variation rate from the change in the refractive index due to the temperaturedependent lattice expansion and free-carrier generation [22] . The temperature-dependent refractive index of silicon in the range of 300-800 K can be approximated for near-infrared light by
where T 0 = 300 K, n(T 0 , λ) = 3.44 and 3.47, for 1.5 µm and 1.3 µm wavelengths, respectively, and A n = 2 × 10 −4 at these wavelengths [23, 24] . Following Donnelly and McCaulley [20] , the number of the interferometric light intensity oscillations due to the temperature change is
where h(T ) is the temperature-dependent thickness of the wafer.
Another aspect taken into consideration in these experiments is the variation in the silicon's absorption coefficient with temperature; hence the transmitted light is attenuated by
where I in and I out are the input and output light intensities, respectively, and α(T ) is the temperaturedependent absorption coefficient given by Sturm and Reaves [25] . In the measurements performed on the double-sided polished samples, the light beams from the two InGaAs laser diodes were coupled together into a single beam which was then used to measure the temperature changes in the sample. Upon exiting the sample, the beam was separated by the corresponding filters into two beams, each targeted to a different detector. Hence, the same thermal phenomenon was measured redundantly by two independent wavelengths enabling validation of the results. For the measurements performed on the sample with the anti-reflective coating, we used the changes in the transmitted light intensity from the 1.5 µm wavelength laser diode.
Results
The temperature measurements described above were performed across the silicon sample at various microwave power levels, and in two positions of the central electrode with respect to the sample: one in physical contact and the other with a 1 mm gap between the two. Figure 6 shows the oscillations in the transmission intensity through the Fabry-Pérot etalon due to the silicon heating. This measurement was performed on a polished sample using a 1.5 µm wavelength laser diode. According to equation (3), the calculated number of intensity cycles indicating a 100 K variation at λ = 1.5 µm is approximately 10, 13 and 27 for a sample thickness of 0.37 mm, 0.5 mm and 1 mm, respectively (the corresponding number of cycles at λ = 1.3 µm is 13, 17 and 34, respectively). From traces like figure 6, we extracted the temperature change rate T (t)/ t which was then integrated to find T (t). The measurements were performed at several positions across each sample covering an area of ∼12 × 5 mm 2 . The light source and the detector were moved accordingly in order to assure their alignment throughout the measurements. Figure 7 shows the temperature increase during the first second at three different positions across a silicon sample radiated by a 350 W source microwave power with the centre electrode 1 mm from the sample. The temperature increase rate is nearly the same near the heating point and at the two other points ∼7 mm away from it on the sample. Figure 8 shows the temperature increase as a function of time for a 370 µm thickness N-type silicon polished sample at different values of the applied microwave power. In these experiments, the central electrode was fixed 1 mm above the sample; thus the temperature distribution is almost uniform across the sample. From the figure it can be seen that the temperature increase rate as well as the final temperature depends on the activated microwave power. Figure 9 shows the dependence of the heating rate on the silicon thickness for the same 350 W power applied. As expected, the heating rate is higher for thinner silicon samples.
The steady-state temperatures were also measured across a polished silicon sample irradiated by a 40 W microwave power conducted by a centre electrode which is in contact with the sample. Temperatures of 925 K near the contact point and 874 K ∼7 mm away from it were measured. Hence, a temperature difference of about 50 K was observed. The results at a 100 W microwave power while the central electrode was located 1 mm away from the sample were 1050 K near the electrode and 1030 K at a distance of ∼7 mm; hence, a temperature difference of only 20 K was seen between these two points (as seen also in figure 7) . The temperature distribution is more uniform when the central electrode is at a distance of 1 mm from the sample rather than in direct contact with it.
During the performed measurements, we occasionally received a plasma effect. This was undesirable in this experiment since the light flash created by the plasma disturbed the optical measurements; hence, no measurements were performed during the heating processes, but only during the cooling processes. This allows only a partial evaluation and understanding of the phenomenon. Figure 10 shows the temperature cooling time for an N-type silicon sample at a 450 W microwave power. During this specific heating process, a plasma glow appeared for ∼0.5 s which caused the temperature to increase much faster. A temperature of ∼400
• C was reached after 0.5 s. As the plasma evolves the effective microwave power absorbed by it tends to increase significantly; hence more energy is absorbed also by the silicon. The excited plasma behaves in this case as a hot body transferring its heat energy to the silicon sample. The sample was subsequently examined by an optical microscope, but no damage or etches were observed. Similarly, 15 experiments were conducted with microwave plasma heating for N-and P-type silicon and the same results were obtained. Figure 11 shows an optical image of a silicon sample with an anti-reflective coating after being exposed to microwaves for a longer time (>10 s). The centre electrode was in direct contact with the sample in this case. A small piece of the molten silicon can be seen; hence it is assumed that the temperature at the contact point exceeded 1685 K, the silicon's melting temperature. Away from the electrode's contact (the hottest point) the temperature decreases and the temperature distribution attains a semi-circular profile. It should be noted that the dissipated energy in the melting process was larger than the other heating experiments presented above at lower temperatures (in which no irreversible damage was caused to the silicon samples).
The heating process was simulated by a 3D thermal model based on [18] . A fixed power source (a hotspot) was assumed localized at the contact point of the microwave drill with the silicon wafer (i.e., at x = y = 0 in figure 1) . The transient thermal model solves the heat equation with the convective and radiative boundary conditions, taking into account the time-dependent parameters of the silicon as given in [26, 27] . This simulation was performed using the Ansys Multi-Physics software (Version 10). For a qualitative comparison with the optical image shown in figure 11 this model was used to calculate the steady-state temperature profile for the centre electrode in direct contact with a 0.37 mm thick sample. The results are shown in figure 12 (a) for a microwave power of 90 W and a silicon sample with anti-reflective coating. Similar circular equitemperature profiles, centred around the contact point of the centre electrode, can be seen in both images. The same simulation code was used to find the temporal changes in time of the temperature profile across the surface directly below the central electrode (at y = 0) as shown in figure 12 , and the consequence spatial distribution of the temperature across the sample in the same conditions after 2 s. 
Discussion
The various experiments presented above show that the microwave-drill concept provides a simple means for rapid heating of silicon wafers. The ability to control the heating rates and the final temperature, as well as the heating profile, stems from the optical thermometry incorporated in the microwave heating. As expected, the heating rate and the final temperature attained depend on the microwave power and on the wafer thickness. The centre electrode position, either in contact with the wafer or in some distance between them, affects the heating process as well. The microwave drill is capable of generating local plasma when operating at higher energies. Hence, the plasma becomes the intermediate medium that absorbs the microwave power more effectively and heats up the wafer rapidly to the melting point (1685 K for silicon). This feature has been observed in our other melting, drilling and doping experiments [28] . The process of onset of such high temperatures locally deserves further investigation, in view of the known plasma applications for silicon heating (e.g. [29, 30] ).
In future studies, the affected area could be determined by the microwave-drill dimensions, the geometry of radiated setup, and possibly by the number of radiating elements operated in an array. The temperatures can be controlled also by the microwave source power and duration. The temperature measurements method presented in this paper enables a realtime detection of the temperature evolved, with no interference with the microwave radiation. The heating process shall be simulated by a fully 3D coupled thermal-electromagnetic model, yet to be developed. The microwave-drill concept can be extended for various thermal processes in silicon [28] and even for local doping [31] .
